sensitive potassium (K ATP ) channels, so named because they are inhibited by intracellular ATP , play key physiological roles in many tissues. In pancreatic b cells, these channels regulate glucose-dependent insulin secretion and serve as the target for sulfonylurea drugs used to treat type 2 diabetes. This review focuses on insulin secretory disorders, such as congenital hyperinsulinemia and neonatal diabetes, that result from mutations in K ATP channel genes. It also considers the extent to which defective regulation of K ATP channel activity contributes to the etiology of type 2 diabetes.
nucleotides. At nucleotide concentrations found in cells, ATP is predicted to block the channel and MgADP to reverse channel inhibition by ATP (42, 49) . Consequently, reciprocal changes in the intracellular concentrations of ATP and MgADP are suggested to mediate metabolic regulation of the K ATP channel.
Molecular structure
The K ATP channel is an octameric complex of 4 Kir6.x and 4 SURx subunits ( Figure 2 ) (50, 51) . The pore-forming Kir6.x subunit belongs to the inwardly rectifying family of potassium channels (52) (53) (54) . There are 2 isoforms: Kir6.1, which is found in vascular smooth muscle (54) , and Kir6.2, which has a widespread tissue distribution (53) . Binding of ATP to Kir6.x causes K ATP channel closure (48, 55) .
The sulfonylurea receptor (SUR) belongs to the ABC transporter family (56) . It functions as a regulatory subunit, endowing the channel with sensitivity to (a) stimulation by Mg nucleotides, via its 2 cytosolic nucleotide-binding domains (57, 58) ; (b) activation by K channel opener drugs (e.g., diazoxide); and (c) inhibition by sulfonylureas (e.g., glibenclamide, tolbutamide) (48, 56) . Variations in SUR subunit composition produce K ATP channels with different sensitivities to metabolism and drug regulation (22, 44) . SUR1 is found in pancreas and brain (56) , SUR2A in cardiac and skeletal muscle (59, 60) , and SUR2B in a variety of tissues including brain and smooth muscle (61) .
A digression on β cell electrical activity Electrical activity of the β cell membrane, in the form of Ca 2+ -dependent action potentials, is essential for insulin secretion: no insulin is secreted in its absence, and the extent of insulin secretion and that of electrical activity are directly correlated (62) . The
Figure 1
The KATP channel couples glucose metabolism to insulin secretion. Glucose enters the cell via the GLUT2 transporter, and via glycolytic and mitochondrial metabolism leads to an increase in ATP and a fall in MgADP in the immediate vicinity of the KATP channel. This results in KATP channel closure, membrane depolarization, opening of voltage-gated Ca 2+ channels, Ca 2+ influx, and exocytosis of insulin granules.
K ATP channel thus both initiates electrical activity and regulates its extent at suprathreshold glucose concentrations (2, 63) . This is because the resting potential in pancreatic β cells is primarily controlled by the K ATP channel.
The K ATP channel also determines the electrical resistance of the β cell membrane, which is low when K ATP channels are open and high when they are closed. The membrane potential is given by the product of the electrical resistance of the membrane and the current flowing across it. This means that when K ATP channels are open and membrane resistance is low, small currents will affect the membrane potential (and thus insulin secretion) only minimally, whereas when K ATP channels are (largely) closed and membrane resistance is high, the same current will elicit β cell depolarization, electrical activity, and insulin secretion. This explains why potentiators of insulin secretion such as acetylcholine and arginine, which produce small inward currents (64, 65) , are effective secretagogues
Figure 2
Molecular structure of the KATP channel. (A) Schematic representation of the transmembrane topology of a single SURx (left) or Kir6.x (right) subunit. Mg-nucleotide binding/hydrolysis at the nucleotide-binding domains (NBD1, NBD2) of SUR stimulates channel activity. Sulfonylureas (stimulatory) and K channel openers (inhibitory) also bind to SUR1. Binding of ATP or ADP to Kir6.2 closes the pore, an effect that does not require Mg 2+ . Conversely, binding of phospholipids such as PIP2, or long-chain (LC) acyl-coAs, stimulates KATP channel activity and decreases its ATP sensitivity. (B) Schematic representation of the octameric KATP channel complex viewed in cross section. Four Kir6.2 subunits come together to form the pore through which K + ions move, and each is associated with a regulatory SURx subunit. (C) Model of how SUR1 and Kir6.2 might assemble to form the KATP channel. The SUR model is described in ref. 115 only at glucose concentrations that shut most K ATP channels. It also implies that these agents will be more effective in disease states that lead to decreased K ATP channel activity (congenital hyperinsulinism of infancy) and less effective under conditions that enhance K ATP channel activity (diabetes).
The K ATP channel plays a lesser role in regulating electrical activity of muscle and nerve cells because additional channels contribute to the resting membrane potential and membrane resistance. Thus, equivalent changes in K ATP channel activity are expected to have less dramatic effects in these cell types.
Congenital hyperinsulinism of infancy
Congenital hyperinsulinism of infancy (HI) is characterized by continuous, unregulated insulin secretion despite severe hypoglycemia (6), and, without therapy, the hypoglycemia may cause irreversible brain damage. The disease usually presents at birth or within the first year of life. In the general population, the incidence is estimated as 1 in 50,000 live births, but this can be higher in isolated communities (e.g., 1 in 2,500 in the Arabian peninsula) (6, 34) . Most cases of HI are sporadic, but familial forms have been also described, and the disease may result from homozygous, compound heterozygous, or heterozygous mutations (35, 36, 39, 40) . Mild cases can be managed with diazoxide or even diet, but more severe forms require subtotal pancreatectomy (commonly about 90-95%). This results in pancreatic insufficiency, and a high incidence of iatrogenic diabetes. The main features of HI are summarized here; further details can be found in other reviews (6, 34, 66) .
Functional effects of HI mutations
Mutations in 5 different genes can produce HI: the K ATP channel subunits SUR1 (6, 35) and Kir6.2 (KCNJ11) (36, 37) , and the metabolic enzymes glucokinase (GCK) (66, 67) , glutamate dehydrogenase (GLUD1) (68) , and short-chain l-3-hydroxyacyl-CoA dehydrogenase (SCHAD) (69) . However, in about half of patients the genetic basis of HI has not yet been determined.
Mutations in SUR1 (ABCC8) are the most common cause of HI, accounting for almost 50% of cases (6, 34) . More than 100 mutations have been described, distributed throughout the gene. They comprise 2 functional classes: those in which the protein is not present in the surface membrane (class I), and those in which the channel is present in the plasma membrane but is always closed, independent of the metabolic state of the cell (class II). Class I mutations are characterized by loss of K ATP channels in the plasma membrane, which may result from impaired SUR1 synthesis, abnormal SUR1 maturation, defective channel assembly, or faulty surface membrane trafficking (6, (70) (71) (72) (36) (37) (38) . They also act by reducing, or abolishing, K ATP channel activity in the surface membrane. Because the K ATP channel sets the β cell membrane potential, decreased channel activity produces a persistent membrane depolarization and continuous insulin secretion, irrespective of the blood glucose level (Figure 1 ).
The glycolytic enzyme glucokinase (GCK) and the mitochondrial enzyme glutamate dehydrogenase (GDH) play key roles in β cell metabolism. It is therefore reasonable to postulate that the gain-of-function mutations in these genes produce HI by increasing ATP synthesis and shifting the K ATP channel inhibition curve to lower glucose concentrations. As a result, K ATP channel activity would decrease, stimulating insulin secretion. Mutations in GDH cause an additional hyperammonemia and an enhanced insulin response to a protein meal or the amino acid leucine (68) . The latter may be explained by allosteric stimulation of GDH by leucine, leading to enhanced ATP generation. With one exception (74), the mutations in GCK and GLUD1 (encoding GDH) reported to date produce a mild form of HI that does not require pancreatectomy. It is still unclear how mutations in SCHAD, which is involved in mitochondrial fatty acid oxidation, cause HI.
Certain mutations in SUR1, for example R1353H, produce familial leucine-sensitive HI, in which hypoglycemia is provoked by leucine (40) . The phenotype is less severe, consistent with the fact that mutant K ATP channels show a partial response to MgADP. As leucine stimulates β cell ATP production, it seems possible that some SUR1 (and GDH) mutations cause a partial β cell depolarization, which is insufficient to elicit electrical activity and insulin release in the resting state. However, further K ATP channel closure as a result of leucine-stimulated ATP production enhances membrane depolarization, thus eliciting insulin secretion. This hypothesis is supported by the fact that leucine can trigger insulin secretion in normal subjects, although not enough to provoke hypoglycemia, and that enhanced leucine sensitivity is produced by prior treatment with tolbutamide, which closes K ATP channels (75) .
Although HI is often associated with neurological problems, it is difficult to assess whether these result from hypoglycemia prior to diagnosis and treatment, or are a direct consequence of the mutation itself. In many extrapancreatic tissues, K ATP channels are closed at rest, so loss-of-function mutations might be expected to have little effect. Furthermore, sulfonylurea therapy in type 2 diabetic patients has few side effects (though it is not clear whether these drugs access brain K ATP channels).
Implications for therapy
In general, mutations in SUR1 and Kir6.2 cause a severe form of HI that is refractory to diazoxide (6, 38) and requires subtotal pancreatectomy. This arises because K ATP channels are either absent or drug-resistant. In contrast, HI caused by mutations in GCK, GLUD1, or SCHAD responds well to diazoxide (6) , as K ATP channel properties are normal. In these patients, opening of K ATP channels by diazoxide hyperpolarizes the β cell and so reduces electrical activity and insulin secretion despite high plasma glucose levels. Patients with GCK mutations may even be able to control their symptoms by eating regularly (76) . This is because GCK mutations merely reset the threshold for glucose-stimulated insulin secretion, so that insulin release is still regulated, although the amount is abnormally high for the blood glucose level. Thus, genotyping HI patients may help determine correct therapy. Both sulfonylureas and K channel openers can act as chemical chaperones and correct surface trafficking defects associated with some SUR1 mutations (71, 72) . As the resulting K ATP channels have normal nucleotide sensitivity, drugs with similar chaperone activity that do not block the channel could potentially be useful for treating HI. However, not all mutations can be rescued in this way, and the pharmacology varies with the mutation. Thus, the K channel opener diazoxide corrected trafficking of SUR-R1349H (an effect reversed by glibenclamide) (71) , whereas the sulfonylureas glibenclamide and tolbutamide, but not diazoxide, restored surface expression of SUR1-A116P and SUR1-V187D (72). It may not be simple, therefore, to develop drugs that correct surface trafficking generically.
HI and diabetes
There is accumulating evidence that HI caused by some SUR1 mutations can progress to type 2 diabetes in later life (39, 40) . This is hypothesized to occur because continuous β cell membrane depolarization, due to reduced K ATP channel activity, causes a maintained influx of Ca 2+ that activates apoptosis, thereby reducing β cell mass and insulin secretion. Studies on Kir6.2 knockout mice support this idea (4, 77) . Except where no surgery has been carried out (39) , it is difficult to distinguish whether SUR1 mutations predispose human patients to type 2 diabetes, or whether the diabetes results from early pancreatectomy. It is also uncertain whether HI mutations in other genes enhance susceptibility to diabetes.
Permanent neonatal diabetes
Neonatal diabetes mellitus is characterized by hyperglycemia requiring insulin therapy that develops within the first 6 months of life. It is a rare disorder affecting 1 in 400,000 live births (78) , and it may be either transient (TNDM) or permanent (PNDM). Approximately 50% of PNDM cases result from heterozygous gain-of-function mutations in Kir6.2 (7, (28) (29) (30) (31) (32) (33) . Homozygous loss-of-function mutations in GCK are a rare cause of the disease (66, 79, 80) and are thought to act by impairing K ATP channel closure indirectly, via reduced metabolic generation of ATP. Transient neonatal diabetes (TNDM), which resolves with a median of 3 months, is usually associated with an abnormality of imprinting in chromosome 6q24 (81) . However, heterozygous mutations in Kir6.2 can produce a remitting relapsing form of neonatal diabetes that resembles TNDM (33) .
To date, 20 mutations in 14 different residues have been reported to cause neonatal diabetes (Table 1) . Their location in a structural model of Kir6.2 is shown in Figure 3 . They form striking clusters in the putative ATP-binding site, at the inner end of the transmembrane domains (where the second transmembrane helices come together to form the inner mouth of the channel), and in cytosolic loops that link these 2 regions. This suggests that the PNDM mutations may provide clues to how ATP binding is translated into closure of the Kir6.2 pore. Two residues, V59 and R201, are mutated more commonly than others.
A range of phenotypes
Gain-of-function mutations in Kir6.2 cause a range of phenotypes, distinguished by increasing severity ( Table 1 ). The most common class of mutation produces PNDM alone. These patients show minimal insulin secretion in response to i.v. glucose but may secrete insulin in response to sulfonylureas (7, 28, 32, 82, 83) . Other classes of mutation cause more severe phenotypes. Some patients have delayed speech and walking and may show muscle weakness in addition to neonatal diabetes (7, 29, 30) . A third class of mutations cause DEND syndrome, which is characterized by marked developmental delay, muscle weakness, epilepsy, dysmorphic features, and neonatal diabetes (7, (83) (84) (85) . Mutations that cause less severe phenotypes than PNDM are also found. Thus, some mutations cause TNDM (33) and 1 mutation has been identified that causes diabetes of variable severity, ranging from TNDM to diabetes of adult onset (age 22-26) that resembles maturity-onset diabetes of the young (86) .
Functional effects of the mutations
All PNDM mutations studied to date are gain-of-function mutations that act by reducing the ability of ATP to block the K ATP channel and thereby increasing the K ATP current amplitude under resting conditions (7, 33, 83, 84) . There is a reasonable correlation between the clinical phenotype and the extent to which MgATP inhibition is reduced, when the heterozygous state is simulated in heterologous expression systems. Table 2 shows that, at physiologically relevant concentrations of MgATP (1-5 mM), mutations that cause small increases in K ATP current result in TNDM, while larger increases in current cause PNDM alone, and an even greater increase is associated with DEND syndrome. It will be important to determine whether this correlation between K ATP current and disease severity is a consistent feature.
In β cells, an increase in K ATP current leads to a smaller depolarization in response to increased metabolism. Consequently, electrical activity and insulin secretion will be diminished, and the greater the increase in K ATP current, the more severely insulin secretion will be impaired. The β cell may be especially sensitive to gain-of-function mutations in Kir6.2 as its resting potential is largely determined by the K ATP channel, and its metabolism is very sensitive to blood glucose levels.
Kir6.2 is also expressed in skeletal muscle, cardiac muscle, and neurons throughout the brain (52, 53), a distribution consistent with the neurological symptoms found in severe forms of the disease. Based on the functional data, it seems likely that in these tissues a greater reduction in ATP sensitivity is required to increase the K ATP current sufficiently to influence electrical activity. This might arise because K ATP channels contribute less to the electrical activity of these cells, perhaps because of a low density of K ATP channels; or because of contributions to membrane current from other ion channels; or because Kir6. or because of differences in cell metabolism or other channel regulators. It is worth noting that K ATP channels are normally closed in many of these tissues and open only under conditions of metabolic stress (25, 27, 87, 88) . Precisely how severe mutations in Kir6.2 lead to epilepsy, developmental delay, muscle weakness, and dysmorphic features remains to be established, and sorting it out is likely to require animal models. At first sight, it appears paradoxical that epileptic symptoms can be caused by a gain-of-function mutation in a potassium channel. However, this is easily explained by overactivity of K ATP channels in inhibitory neurons, which would decrease inhibitory tone and enhance excitability of target neurons. Consistent with this idea, K ATP channels are expressed in most GABAergic inhibitory interneurons in the hippocampus, but only in a minority of excitatory pyramidal neurons (24) ; and diazoxide inhibits firing of interneurons but not pyramidal cells (25) . Furthermore, K ATP channel openers prevent GABA release in slices of substantia nigra (26, 27) . The muscle weakness could be of neural or muscle origin, as both skeletal muscle (53) and nerve terminals (89) express Kir6.2. Interestingly, the electrocardiogram of patients with PNDM mutations is superficially normal (7, 28) , as observed for transgenic mice overexpressing a cardiac-targeted gain-of-function mutation in Kir6.2 (90) .
Although gain-of-function Kir6.2 mutations cause epilepsy in humans, transgenic mice overexpressing WT Kir6.2 or SUR1 in forebrain are protected against seizure and ischemic injury (15, 16) , and knockout of Kir6.2 enhances susceptibility to generalized seizure (14) . This suggests that K ATP current magnitude may be critical for brain function, and that too little current as well as too much can predispose to seizure: this might reflect the relative amounts of K ATP current in inhibitory and excitatory neurons. Alternatively, the transgenic mice may not provide a perfect model of the human disease.
Molecular basis of reduced ATP sensitivity
As discussed above, ATP has 2 effects on the K ATP channel: ATP binding to Kir6.2, in a process that does not require Mg 2+ , blocks the channel, whereas binding of MgATP to SUR1 stimulates channel activity (49) . It is therefore essential to analyze the molecular mechanism of ATP block both in Mg 2+ -free solution (to avoid the complicating effects of MgATP stimulation), and in the presence of Mg 2+ to determine whether coupling of SUR1 to Kir6.2 is affected.
Studies in Mg-free solution have shown that although all PNDM mutations reduce the ability of ATP to block the K ATP channel, they do so by a variety of molecular mechanisms (83, 84) . To date, mutations that cause neonatal diabetes alone (e.g., R201H/C, I182V) impair ATP binding directly (7, 33, 83, 91) , consistent with their location within the predicted ATP-binding site (Figures 3  and 4) . In contrast, mutations that cause DEND syndrome (e.g., V59G, Q52R, I296L) affect ATP inhibition indirectly. They bias the channel toward the open state and impair its ability to close (83, 84) (Figure 5) . Consequently, the fraction of time the channel spends open in the absence of ATP (the intrinsic open probability, Po) is increased. Because the affinity of the open state for ATP is less than that of the closed state, mutant channels are less inhibited by ATP (92) . These mutations lie in regions predicted to be involved in channel gating (Figure 3) . Finally, some mutations (V59G, I296L) appear to influence both intrinsic gating and ATP binding (or the mechanism by which binding is translated into channel closure) (83, 84) .
In the presence of Mg 2+ , the ATP sensitivity of the channel is reduced (49) . This effect appears to be greater for several PNDM mutant channels (33, 84) , suggesting that MgATP activation via SUR1 may be enhanced. However, studies to date are limited, and this area requires more work.
The importance of heterozygosity
All PNDM patients identified to date are heterozygotes. Because Kir6.2 is a tetramer (50, 51) , their cells will express a mixed pop- ulation of channels, each containing between 0 and 4 mutant subunits ( Figure 4A ). The ATP sensitivity of each of these 5 channel types will be determined by the extent to which each subunit (WT or mutant) contributes to the overall ATP sensitivity, and by the number of mutant subunits. In turn, the contribution of the mutant subunit will depend on whether it primarily affects ATP binding or intrinsic gating. For this reason, it is essential to study the effect of a mutation on the heterozygous channel population, whose behavior is not easily predicted from studies of homomeric mutant channels.
Because binding of a single ATP molecule closes the K ATP channel (93), a mutation that reduces ATP binding will substantially impair ATP block only when all 4 subunits are mutant. If WT and mutant Kir6.2 subunits distribute randomly (51, 93) , only onesixteenth of channels in the heterozygous population will contain 4 mutant subunits (Figure 4) . Thus the shift in the ATP sensitivity of the mean channel population will be small, precisely as seen for heterozygous R201C and R201H channels (7, 33, 83) .
Mutations that affect intrinsic gating cause larger shifts in the ATP sensitivity of the heterozygous channel population. This can be explained if the energy of the open state scales with the number of mutant subunits (83) ; in this case, the ATP sensitivity of more than 90% of channels in the heterozygous population will be affected ( Figure 5A ). This explains why mutations that affect the intrinsic Po (such as Q52R, V59G, and I296L) cause a greater shift in the ATP sensitivity of heterozygous channels. The ATP sensitivity of heterozygous Q52R channels is well fit by assuming that the entire shift in ATP sensitivity results from the observed change in channel gating (83) . However, other mutations (V5G, I296L) cause even greater shifts in the ATP sensitivity of both homomeric and heterozygous channels and appear to have additional effects on ATP binding and/or transduction (83, 84).
The importance of heterozygosity in determining the severity of a mutation appears to be a novel feature of gain-of-function K ATP channelopathies. Accordingly, we may expect to find similar phenotypic variability in other tetrameric ion channels where channel function can be influenced differentially by the presence of 1, or more, mutant subunits. It is also worth noting that if mutant and WT subunits were to express at different levels, the composition of the heterozygous population might deviate from a binomial distribution and thus influence the channel ATP sensitivity in a less quantitatively predictable fashion.
Implications for therapy
Prior to the discovery that PNDM could be caused by mutations in Kir6.2, it was supposed that patients with this disorder suffered from early-onset, type 1 diabetes, and they were treated with insulin. Recent studies, however, demonstrate that patients with mutations that cause PNDM alone can be managed on sulfonylureas (7, 28, 82) . It remains to be seen whether sulfonylurea therapy is effective in the long term. However, it is important to remember that while insulin therapy may control the diabetes, it does not mitigate the effects of enhanced K ATP channel activity in nonpancreatic tissue: this requires drugs that close K ATP channels. Whether sulfonylurea therapy will be as suitable for patients with mutations that increase the intrinsic Po of the channel remains unclear, because these channels are less sensitive to the drugs (83) . This is expected, as mutations that stabilize the channel in the open state impair sulfonylurea inhibition (92) . However, it may be possible to manage such patients, on a combination of insulin, to control their diabetes, and sulfonylureas, to control the extrapancreatic effects. A key question is whether sulfonylureas will be effective at treating CNS symptoms, as the extent to which they cross the blood/brain barrier is unclear. Drugs that enter the brain and selectively block K ATP channels might be beneficial in this respect.
The efficacy of sulfonylurea therapy in PNDM will also depend on the particular gene that is mutated. Loss-of-function mutations in metabolic genes, such as GCK, reduce ATP production and enhance K ATP channel activity indirectly. Blocking the K ATP channel with sulfonylureas will restore Ca 2+ influx but, as ATP is also required for the secretory process, may not be sufficient to reinstate insulin secretion fully.
Impaired metabolic regulation and early-onset diabetes
Impaired metabolic regulation of K ATP channels, resulting from mutations in genes that influence β cell metabolism, can cause both monogenic HI and diabetes. As described above, mutations in GCK and GLUD1 cause HI, probably by enhancing metabolic ATP generation and decreasing K ATP channel activity. Conversely, mutations that reduce ATP synthesis, and thus the extent of K ATP channel inhibition in response to glucose metabolism, may be expected to give rise to diabetes.
Maturity-onset diabetes of the young (MODY) is characterized by early onset, autosomal dominant inheritance, and pancreatic β cell dysfunction (66, 94) . It is caused by mutations in at least 7 different genes. Heterozygous loss-of-function mutations in GCK cause MODY2, which is associated with moderate hyperglycemia and is often asymptomatic and detected only during routine screening: as described above, homozygous inactivating mutations in GCK impair β cell metabolism more severely and cause permanent neonatal diabetes. Five other MODY genes encode the transcription factors HNF4α, HNF1α, IPF1, HNF1β, and NEUROD, which are not only important for β cell development but can also regulate expression of genes critical for glucose metabolism. For example, knockout of HNF1α, which causes MODY3, impairs β cell glucose metabolism and thereby K ATP channel closure in mice (95) . Whether other transcription factors influence K ATP channel function has yet to be established. Finally, as described above, mutations in Kir6.2 itself can also give rise to MODY (86) .
Defective mitochondrial metabolism can also produce diabetes, as in maternally inherited diabetes with deafness (MIDD), which results from a mutation in the mitochondrial DNA that encodes a leucine transfer RNA (96, 97). It seems plausible to speculate that enhanced K ATP channel activity, due to reduced ATP production, contributes to the impaired insulin secretion.
Implications for type 2 diabetes
Given that mutations in Kir6.2 cause neonatal diabetes and MODY, and that mutations in genes that regulate K ATP channel activity lead to MODY and MIDD, which present in childhood or early adult life, it is natural to conjecture that common genetic variations in the same genes, which produce smaller functional effects, might predispose to type 2 diabetes in later life. Accumulating evidence supports this view.
Large-scale association studies indicate that a common variant (E23K) in Kir6.2 is strongly associated with an enhanced susceptibility to type 2 diabetes (98-100). Although the effect is statistically small (the odds ratio associated with the K allele is only ∼1.2), the high prevalence of the K allele (34%) makes this a significant population risk. Precisely how the E23K polymorphism enhances diabetes susceptibility remains unclear. Data obtained by expressing recombinant K ATP channels in heterologous systems are conflicting. Some studies demonstrate an increase in intrinsic Po, with a consequent reduction in ATP sensitivity, and enhanced activation by Mg nucleotides (101, 102) , whereas others report no effect on ATP sensitivity but enhanced sensitivity to the stimulatory action of long-chain acyl-CoAs (103) . It is also possible that the E23K variant may cause a greater reduction in ATP block of the K ATP channel in pancreatic β cells than in heterologous systems. Interestingly, in mice, a 4-fold reduction in K ATP channel ATP sensitivity is enough to cause neonatal diabetes (3) . Furthermore, large-scale studies in humans have shown that the E23K variant is associated with reduced insulin secretion in glucose-tolerant subjects (104, 105) . It is also worth remembering that because Kir6.2 is expressed in multiple tissues, diabetes susceptibility may involve tissues other than the β cell: for example, glucagon secretion is increased in individuals carrying 2 K alleles (106) .
Polymorphisms in HNF1α, HNF4α, and GCK (107) (108) (109) , and in genes involved in mitochondrial metabolism (110, 111) , have also been associated with an increased risk of type 2 diabetes. They probably influence disease susceptibility by impairing metabolic regulation of K ATP channel activity.
This leads to the conclusion that good candidate genes for polygenic disease (in this case, type 2 diabetes) are those that cause monogenic disease (PNDM, MODY). As they manifest only in later life, the functional effects of individual gene variants associated with polygenic disease are likely to be small. It also suggests that the increased risk of diabetes with age may reflect a deteriorating β cell metabolism, leading to enhanced K ATP channel activity and reduced insulin secretion (62) . This idea is supported by the fact that insulin secretion is critically dependent on mitochondrial metabolism (112) , which is known to decline with age (113) and has been implicated in age-related disease (112) (113) (114) .
Conclusions
K ATP channel activity in the β cell is finely balanced, reflecting its physiological role as a key regulator of insulin release. Increased activity leads to reduced insulin secretion, and, conversely, reduced K ATP channel activity decreases insulin release. Consequently, mutations that either directly or indirectly alter β cell K ATP channel activity produce a spectrum of diseases that ranges from severe HI to DEND syndrome ( Figure 6 ).
In general, there is a good correlation between the magnitude of the K ATP current and disease severity. Thus mutations that cause a total loss of K ATP channel in the surface membrane produce severe HI, whereas those that impair channel function only partially produce a milder phenotype that can be treated with diazoxide or results in leucine-sensitive HI. Likewise, the extent to which the ATP sensitivity of Kir6.2 is decreased determines the severity of the diabetes phenotype. Mutations that cause the greatest reduction in ATP inhibition, and the largest increase in K ATP channel activity, manifest effects in multiple tissues and lead to developmental delay, epilepsy, muscle weakness, and neonatal diabetes. Lesser shifts in ATP sensitivity give rise to neonatal diabetes with developmental delay, while even smaller changes manifest primarily in the β cell and cause neonatal diabetes alone.
The range of phenotypes associated with monogenic K ATP channelopathies, which present at birth, suggests a similar spectrum
Figure 6
Schematic illustrating the relationship between KATP channel activity and insulin secretion. T2DM, type 2 diabetes mellitus.
of K ATP channel polymorphisms that have less severe effects on channel function and predispose to late-onset, polygenic, disease. The association of the E23K polymorphism in Kir6.2 with susceptibility to type 2 diabetes supports this idea. Because of a gradual decline in β cell function with age, polymorphisms that cause a small decrease in K ATP channel activity are unlikely to predispose to late development of HI but rather may help to protect against type 2 diabetes.
It is noteworthy that mutations in Kir6.2 cause both diabetes and HI, whereas mutations in SUR1 are, to date, entirely associated with hyperinsulinism. This is not unexpected, however. A total loss of protein (Kir6.2 or SUR1) will necessarily result in loss of K ATP channel activity and thus HI. Loss of metabolic regulation, however, will have different effects in Kir6.2 and SUR1. For SUR1, impaired binding/hydrolysis and/or transduction of Mg nucleotides will decrease K ATP channel activity, producing HI. Mutations that enhance Mg-nucleotide activation seem inherently far less likely. Thus, diabetes due to SUR1 mutations will be rare. Mutations that impair ATP binding to Kir6.2, on the other hand, will enhance K ATP channel activity and cause diabetes. It is not understood why mutations that affect Kir6.2 gating invariably increase channel opening (thereby lowering ATP sensitivity), but this may suggest that the channel is most stable in the open state.
Finally, a similar spectrum of insulin secretory disorders can be expected from mutations in genes that regulate K ATP channel activity, with mutations that indirectly enhance K ATP currents mediating diabetes and those that reduce channel activity producing HI. As expected, loss-of-function mutations in metabolic genes cause PNDM or MODY depending on the extent to which they impair β cell metabolism, while gain-of-function mutations cause HI of varying severity. Naturally occurring polymorphisms in genes that cause minor variations in metabolic regulation, or density, of K ATP channels can be predicted to produce small differences in K ATP channel activity and insulin secretion, so influencing diabetes susceptibility. Some such polymorphisms have been identified, and more are likely to follow.
In conclusion, individuals may be predisposed to either HI or diabetes according to the magnitude of their β cell K ATP current under resting conditions, with their position on this delicate K ATP channel see-saw being determined by their unique combination of polymorphisms in multiple genes.
